A cadaveric study assessing the feasibility of imageguided MISS for posterior cervical screw placement was conducted using the Iso-C system (Siremobil Iso-C 3D, Siemens Medical Solutions), which allows for 3D navigation. 10 Forty-two 4.0-mm-diameter screws were placed at the C1-2 transarticular, C3-6 lateral mass, and C-7 transpedicular locations. This resulted in an accurate placement rate of 97.6%, with only one transpedicular screw at C-7 having a minor cortical breech. The remaining 41 screws were accurately placed, without evidence of transverse foramen, neural foramen, or facet joint violation. Similarly, in a small clinical study of translaminar screw placement at C-2, where ventral spinal canal violations have been reported, 3D fluoroscopy-navigated MISS was shown to be safe and effective, without occurrence of dorsal or ventral breeches. 30 Similarly, Ishikawa et al. report decreased complication rates in cervical pedicle screw placement with the use of 3D fluoroscopy-based navigation. 15 In a recent cadaveric study of lower cervical spine pedicle screw placement, Tian and colleagues evaluated CT-based navigation and Iso-C 3D navigation systems relative to fluoroscopic assistance and virtual fluoroscopy for screw placement. In the CT-based and Iso-C 3D systems, no screws were placed in a "poor" location, with more than 1 mm of the screw penetrating into the isthmus. In contrast, 12.5%-17.9% of attempts were placed in "poor" locations without computer-based navigation. 43 These findings are consistent with reported transarticular and translaminar breeches of 15% and 18%, respectively, in nonnavigated procedures. 7, 48 Another area of expanding interest is in the minimally invasive treatment of cervical degenerative disease. One of the most common procedures performed for this condition is ACDF. 25 While not generally considered a MISS procedure, variations, including the fully endoscopic ACDF, use minimal access techniques and have been shown to be associated with diminished morbidity compared with conventional ACDF. 33, 51 Simultaneously, other minimal approaches have been developed in light of the various established disadvantages associated with ACDF, including adjacent-level disease, immobility, and dysphagia. Both anterior and posterior cervical microforaminotomies are MISS procedures aimed at decompressing the neural foramina by targeting the pathology and avoiding removal of bony anatomy that may compromise spinal stability. 5, 18 However, to date, a paucity of studies exists comparing the risks of navigated versus nonnavigated minimal access approaches for cervical degenerative disease. One recent technical report detailing modified transcorporeal anterior cervical microforaminotomy with O-arm based navigation (Medtronic Sofamor Danek) noted smaller skin incisions and drill hole sizes (Fig. 1) . 18 In addition, radiation exposure to the patient and surgeon were limited in contrast with the typically increased exposure with the use of continuous intraoperative fluoroscopy. The authors noted increased confidence in localizing the correct surgical level and finding the appropriate surgical margin for decompression.
Advanced image guidance is of particular utility at the occipital-cervical junction (OCJ). In 2007, Wolinsky and colleagues described the use of frameless stereotactic navigation and isocentric C-arm fluoroscopy to guide the surgical trajectory during transcervical odontoidectomy for basilar invagination. 49 The efficacy of this technique, combining advances in endoscopy, tubular retraction, and frameless stereotaxy, has been further demonstrated in a follow-up series of 15 patients. All patients demonstrated long-term improvement in myelopathy and avoided some of the morbidity of transoral surgery. 3 In parallel, a recent technical paper by Hsu et al. expands upon this imageguided approach to cervical pathology, describing the use of frameless stereotactic navigation during endoscopic, transcervical resection of a chordoma for accurate tumor localization, identification of the vertebral arteries, and delineation of the dural sac.
14 Leng et al. described the utility of a preoperative CT angiogram of the cervical spine uploaded to a frameless stereotactic neuronavigation system (BrainLAB) to guide and facilitate the resection of pathology and help in the delineation of important vascular anatomy. 22 During posterior cervical fusion, C-2 laminar screws are now being used to provide rigid fixation with minimal risk to the vertebral artery. Nottmeier and colleagues report on the placement of 4-mm C-2 laminar screws in 8 patients undergoing posterior cervical fusion using 3D fluoroscopy-based image guidance. All 13 C-2 laminar screws evaluated by means of postoperative CT were found in their target position with no breach of the spinal canal.
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A 2001 feasibility study by Kaibara and colleagues detailed the use of intraoperative MRI as an aid to transoral resection of cervicomedullary junction lesions. 16 With more recent advancements in neuronavigation, this concept was evaluated in more detail in a 2012 study by Dhaliwal et al. 4 In their study, 22 patients underwent surgery with the aid of neuronavigation and intraoperative MRI for the treatment of ventral craniovertebral junction disease with acceptable and expected postoperative outcomes. The authors detail 3 principal benefits of neuronavigation/iMRI-assessment of extent of resection, confirmation of regional anatomy, and detailing of lesion borders.
2,4 Several other studies have described the use of iMRI to accurately target and fenestrate cervical, thoracic, and terminal ventricle region intradural cysts. One limitation of image guidance at the OCJ has been due to the challenge of stabilizing the reference arc to the dorsal bony anatomy during instrumentation. For anterior approaches, Hott et al. and Summers et al. described the placement of the reference arc on the headholder in patients undergoing 3D image-guided odontoid screw placement. 12, 39 This same concept for reference arc fixation has now been applied during image-guided placement of posterior OCJ instrumentation. Using this technique, Nottmeier and colleagues were able to accurately place screws at the occiput and the C-1 and C-2 levels without the need for reregistration.
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Image Guidance in Thoracic MISS
The thoracic spine is intimately involved with vital structures, such as the aorta, vena cava, and lung parenchyma, that make anterior approaches technically challenging. There has been limited utilization of navigation in thoracic MISS. Villavicencio et al. conducted a feasibility study of navigated kyphoplasty in 11 patients who underwent surgery with neuronavigation. 46 The Iso-C system (Siemens Medical Solutions) linked with a StealthStation Treon (Medtronic) was used during the transpedicular approach. Radiation time was decreased to 41.3 seconds compared with an average of 293.2 seconds in 9 previous cases (historical comparison cohort) in which surgery was performed without isocentric fluoroscopy. Three thoracic and seven lumbar procedures were completed without complications.
Pedicle screw placement in the thoracic spine can be challenging given the often small size of the pedicles, particularly in female patients. Further, a freehand technique relies heavily on anatomical landmarks and tactile feel; thus accuracy of screw placement has a variable component related to individual surgical skill and is likely associated with a steep learning curve.
1 This has led to screw misplacement rates as high as 55% in previous cadaveric studies using both anatomical landmarks and fluoroscopy without navigation; 6 consequences of such misplacement include nerve root injury, hemorrhage, and spinal cord injury.
1 In human studies of pedicle screw placement in the thoracic spine, stereotactic navigation led to reductions in cortical perforations and structurally significant violations.
8, 52 Youkilis et al. used preoperative CT images loaded onto a StealthStation to navigate placement of 266 thoracic pedicle screws in 65 patients with an overall cortical perforation rate of 8.5%. 31 Han et al. used a similar methodology for navigation assistance with BrainLAB and reported 4.35% of 92 pedicle screws had Grade II (< 2 mm) perforations. 8 Further, Allam et al. demonstrate the superiority of 3D-based navigation technique in pedicle screw placement with an accuracy of 99% as opposed to the free-hand technique with an accuracy of 89%. While navigation for thoracic pedicle screw placement has been explored for many years, only recently has its use been examined in a minimal access approach. Holly et al. explored a percutaneous navigated approach for thoracic pedicle screw placement.
11 Ninety-four percutaneous screws were placed in a cadaveric study with assistance from the Iso-C system (Siemens Medical Solutions) linked to a StealthStation Treon. Overall, 94.7% of screws were accurately placed into pedicles with an average diameter of 6 mm. The 5 pedicles in which a wall violation occurred had a mean diameter of 4.6 mm, which is significantly narrower than common lumbar pedicle diameters.
In addition to providing fixation for degenerative disease, infection, and oncology, percutaneous navigated pedicle screw placement in the thoracic region has also been investigated in the context of spinal trauma (Fig.  2) . A report by Kakarla et al. described the use of navigated percutaneous thoracic pedicle screw fixation in 6 patients presenting to their institution with unstable spine fractures. 17 The authors used the Iso-C system (Siremobil Iso-C 3D, Siemens Medical Solutions), and no procedures were converted to an open approach. A total of 37 pedicle screws were placed, with Grade II misplacement (cortical violation of less than 2 mm) occurring 16% of the time and Grade III (cortical violation beyond 2 mm) in 3%.
No patients had neurological complications as a result of screw misplacement. Neuronavigation has also been shown useful in the trauma setting with O-arm generation of 3D CT images, allowing for surgical assessment of spinal alignment, accuracy of reduction, and canal decompression. Further, it reduces surgeon radiation exposure, and with decreased incidence of screw malpositioning, patients may be spared additional surgery.
37
Image Guidance in Lumbosacral MISS
A 2007 meta-analysis of freehand pedicle screw placement in the lumbar spine reported a median accuracy rate of 79.0%. 20 Further, during deformity surgery, thoracolumbar pedicle screw inaccuracy has been reported at levels as high as 30%. 35 Therefore, surgical adjuncts including fluoroscopy and image guidance have been advocated to improve the accuracy of transpedicular fixation. In parallel, minimally invasive techniques for adult deformity surgery have been advocated to decrease the significant recovery time and potential morbidity of these cases. Further proposed advantages of a minimally invasive approach include a decrease in the complications occurring in the elderly, medically comorbid population. In a recent study by Scheufler et al., 30 elderly individuals (age range 64-88 years) with adult degenerative scoliosis were treated by less invasive decompression and fusion using biplanar fluoroscopy or iCT-based navigation. 35, 36 Namely, unilateral mini-open transpedicular screw instrumentation and bilateral spinal decompression was performed in conjunction with unilateral TLIFs on the concave side of the deformity and ipsilateral posterolateral grafting. The two imaging techniques were assessed in the implantation of 415 screws. No misplacement (Grade II or greater) occurred and no revision of implants was necessary. Spinal iCT required an average of 17.5 minutes for automatic registration across all segments. The average intraoperative radiation exposure to the surgeon's torso was 0.025 mSv for single-level TLIFs utilizing fluoroscopic guidance. In contrast, radiation exposure was 0 mSv with iCT navigated instrumentation. Importantly, the study demonstrated that iCT provided a significantly faster time (54 minutes) to complete pedicle screw insertion than guidance with biplanar fluoroscopy (89 minutes). Spinal iCT significantly facilitated the instrumented correction of adult degenerative scoliosis, removing radiation exposure to the surgeon while enabling effective deformity reconstruction. The use of serial intraoperative frontal and lateral CT scout views (including the hips, pelvis, spine, and shoulders) provides a comprehensive means of assessing spinal alignment during instrumentation. In addition, several studies have shown that segmental fusion by minimally invasive approaches is achieved at an equal rate to that of traditional open surgical techniques.
35,36
As further evidence for the role of iCT navigation, Tormenti et al. report a pedicle wall breach rate of 1.2% in 164 thoracolumbar pedicle screws during spinal deformity surgery using intraoperative neuronavigation. 44 This study demonstrates a higher degree of accuracy obtainable with iCT navigation relative to alternative imageguidance modalities, including Iso-C C-arm navigation and virtual fluoroscopy. And although this represents an imaging advance in the field of open spinal deformity correction, the implications for MISS are evident given the work of Scheufler and colleagues. 36 Concerning sacral lesions, the use of image guidance has facilitated the development of posterior transsacral approaches. Lee and Massicotte described the use of Stealth neuronavigation in the treatment of presacral lesions via a posterior transsacral operative corridor. 21 Intraoperative navigation was used to guide the trajectory of bone drilling; thereafter, standard microsurgical techniques were used. In addition, Luther et al. used a Iso-C 3D system (Siemens) registered to BrainLAB while performing AxiaLIF (axial lumbar interbody fusion), a minimally invasive approach for interbody fusion of L4-S1, in 6 patients.
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Five patients underwent discectomy and interbody fusion of one level (L5-S1), and one patient underwent a 2-level operation (L4-5, L5-S1). No complications were reported. However, the authors point out that the BrainLAB software only allows for a virtual diameter of 12 mm, precluding accurate simulation of the transsacral screw. Navigation has also been explored as an adjunct to the percutaneous placement of iliosacral screws, a minimal access surgery for sacroiliac instability in the setting of pelvic injury. The relative high rates of screw malposition and neurological injury following the nonnavigated percutaneous approach are attributed to wide variation in sacroiliac joint morphology and the close association of the L-5 nerve root. Therefore, navigation has the potential for increasing the accuracy and safety of this procedure. Smith et al. compared iliosacral screw malposition rates in cadavers with three different surgical navigation systems versus standard fluoroscopy. 38 They achieved higher screw placement accuracy with navigation compared with nonnavigated standard fluoroscopy. Of the 3 navigation technologies used, which included FluoroNav (Medtronic), FluoroNav EM228 (Medtronic), and Iso-C 3D (Siemens), the highest accuracy was achieved using FluoroNav with a mean screw score of 1.75. All navigation technologies were registered to a StealthStation.
Present-Day Limitations
Limitations in minimal access techniques combined with technological shortcomings present future hurdles to the continued expansion of neuronavigation in MISS. Each image-guided modality has its own particular deficiencies. In the realm of MISS that relies on preoperative CT-based imaging, the biggest limitation is in the inaccuracy between the radiographic anatomy and the surgical anatomy. A big contributor to this error is positioning differences from the time of the initial preoperative scan to the position at the time of surgery. The distortion of interspinous regions is of particular importance in surgery for spinal instability such as occurs in trauma or spondylolisthesis. In addition, spinous process exposure, a necessary step for registration, limits the reduction in the size of the required incision. Shortcomings in 3D fluoroscopy include reductions in image quality for patients with osteopenia, obesity, or metallic implants. Also, one must factor in additional time during the initial learning phase. However, this diminishes once the surgeon gains experience with the new technology. Lastly, current devices only image a limited number of segments; thus for longer constructs, additional "spins" may be required. Regarding iMRI, its widespread adoption for use in treating spinal pathologies is limited, at present, by the high cost of the technology as well as concerns regarding any comparative advantage relative to endoscopic approaches or stereotactic neuronavigation with CT and preoperative MRI fusion.
7 Further studies will be required to define the benefits of iMRI and the specific clinical advantages of the technology (such as during tumor resection) that will guide more widespread adoption.
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The numerous studies detailed herein frequently describe improved accuracy during placement of instrumentation relative to freehand or traditional fluoroscopy-based techniques; however, to date, no study has demonstrated significantly improved neurological outcomes in a headto-head comparison. Nevertheless, several comparative studies have worked to identify benefits of navigation that may correlate with outcomes. In a 2011 study, Wood and Mannion described increased positive neuromonitoring alarms as well as decreased accuracy with 2D-guided minimally invasive pedicle screw placement relative to 3D fluoroscopy, 50 but the impact of these findings of outcomes remains unclear. A more recent paper demonstrated significantly improved overall screw accuracy and reduced operative time with O-arm navigation in lumbar screw placement with the suggestion of improved outcomes as a benefit of this technique. 13 Another study by von Jako et al. details the benefit of reduced radiation exposure using electromagnetic navigation for transpedicular screw fixation. 47 While these factors, including improved accuracy, decreased radiation, and enhanced construct stability, may correlate with a better safety profile, further studies will be needed to demonstrate a definitive outcome benefit of MISS using navigation relative to conventional techniques.
Future Direction
The notion of coupling advanced image guidance and MISS is intuitive for allowing better surgical accuracy and reduced radiation exposure. More studies are needed, however, to better assess the efficacy and cost-effectiveness of these technologies. The future is promising, even beyond the current iCT/iMRI technology. One such area of exploration involves the use of a novel surgical robot system for percutaneous pedicle screw insertion. The BFRS consists of biplanar fluoroscopy, a surgical planning and operating system, and a robotic assist. Preliminary cadaveric studies suggest that the BFRS may be a useful adjunct to improve the accuracy of percutaneous pedicle screw placement.
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A Canadian group led by Sutherland reported their initial experience using the neuroArm navigation system with the ability to perform microneurosurgery with a robotic interface to improve accuracy. 28 In the future, robotic applications may be feasible extensions in the management of spinal pathology via minimally invasive techniques or for microdiscectomy. Another emerging area involves the use of electromagnetic technology for image guidance. This technology bypasses many of the challenges of traditional navigation systems. In particular, the tracker and probe do not require a direct line of sight, allowing the surgical site to be moved readily without disrupting the surgical field or interfering with registration accuracy. And although this technology has primarily been used in cranial cases, the possibility remains that electromagnetic navigation could be useful in many facets of spinal surgery. 9 Finally, radiation exposure remains an important consideration in MISS. A large number of the papers presented in this review describe decreased radiation exposure to the patient and surgeon using navigation relative to nonnavigated 2D fluoroscopic approaches during minimally invasive surgery. 18, 29, [34] [35] [36] [37] 46 Preliminary studies suggest technologies such as cone-beam CT will improve visualization and guidance while decreasing cumulative intraoperative radiation exposure. 34 Further refinements in imaging technology, including fusion to MRI and use of multimodality techniques including endoscopy for craniocervical junction pathologies, will continue to push the limits of MISS with the goal of improving the long-term radiation safety profile of these surgical adjuncts.
Conclusions
Refinements in image-guidance technologies and minimal access techniques have converged on spinal pathology, affording patients the ability to undergo safe, accurate operations without the associated morbidities of conventional approaches. While percutaneous transpedicular screw placement is among the most common procedures to benefit from navigation, other areas of spine surgery can benefit from advances in neuronavigation. As patients continue to demand these operations from their surgeons, and surgeons become increasingly aware of their utility, we anticipate further growth in the field of image-guided MISS. 
